The central question is: what are the optical principles upon which crypsis is achieved by opaque organisms in shallow, nearshore marine habitats?
microhabitats that they encounter and the pattern they choose to camouflage themselves in each microhabitat. Laboratory experiments are conducted occasionally to support or test field findings. Image analysis programs are being developed in a MATLAB toolbox to enable quantitative analysis of crypsis.
R. Hanlon conducts the field work, participates in image analysis and publication, and directs the grant project. Dr. Charlie Chubb is Co-Investigator and leads the efforts on image analysis. Dr. Chubb has extensive experience in this field and brings a wealth of quantitative skills to this set of tasks. He is adept in writing code for MATLAB and in applying psychophysics methods to our laboratory experiments. He is assisted in these tasks by Dr. Liese Siemann (postdoc who works part-time on this grant) and, very recently, by Ms. Derya Akkaynak who is a 2 nd year PhD candidate in the MIT/WHOI joint program. Ms. Akkaynak is co-mentored by Hanumant Singh of WHOI, R. Hanlon of MBL, and C. Chubb of UC Irvine. This past year, former lab tech Justine Allen was accepted into the Brown University/MBL Joint PhD Program (Neurobiology) and will continue to participate in the field work on this grant.
WORK COMPLETED
Field work continued at a moderate pace during late 2009 and again in April 2010. RTH completed 4 field trips (total of 33 SCUBA dives), acquired 1,857 high-resolution digital still images of cephalopods and fishes, and recorded 10.8 hours of High Definition TV (HDTV) field video of crypsis and pattern change. Briefly, the breakdown is as follows: (1) Vigo, Spain (NW corner of Spain, Atlantic coast north of Portugal), September 2009 to film cuttlefish, Sepia officinalis, and octopus, Octopus vulgaris, using camouflage for both defense and for prey hunting; (2) Saba, Netherlands Antilles, October 2009, to record camouflage of Octopus vulgaris on patch reefs and fish color change on coral reefs; (3) Puerto Rico, November 2009, to film Octopus vulgaris using camouflage in various habitats, including seagrass, soft corals, patch reefs, and fully developed coral reefs with soft and hard corals; (4) North Palm Beach, Florida, April 2010, intracoastal waterway to photograph and videotape Octopus vulgaris and the octopus Mactotritopus defilippi for camouflage in general, but for 3D skin papillae in particular. Collectively, these four locations represent a wide variety of coral reef and temperate rock/kelp habitats. New irradiance data (with spectrometers) were not collected, but rather our existing data were evaluated and analyzed for publication before resuming field collection of quantified light data.
Image analysis was emphasized this year over field data collection. We previously developed a MATLAB toolbox that incorporates many texture and feature detectors. To allow flexibility, the program can be easily altered to incorporate different animal templates or analyses as needed. The newest addition to this program focuses on comparing the pattern of a target animal to its adjacent substrate. It automatically extracts a circular region of the image surrounding an animal, with a radius that is proportional to the size of the animal. The program extracts a vector of statistics from the animal and the surrounding region and generates a diversity index to quantify the strength of the match between the animal and its surrounding substrate. If a target animal is settled in a complex and varied microhabitat, future versions of the program will scan the surrounding substrate and locate specific features that control the patterning response of the target animal. These very complex quantitative comparisons continue.
Although we had hoped to classify the effectiveness of camouflage patterns using only the suite of methods in our MATLAB toolbox, it became increasingly clear that we needed to be able to find another way to classify cuttlefish according to how well they are camouflaged. Because it is difficult to test the real-life effectiveness of cuttlefish camouflage using the natural predators or prey of these animals, we designed an experiment that uses humans instead. The responses of human subjects to images of camouflaged cuttlefish can be used to approximate the responses of other animals and categorize the effectiveness of cuttlefish camouflage in a variety of visual environments. Our "Where's Waldo" program records successes and failures as participants attempt to locate cuttlefish in field images.
RESULTS
Crypsis Patterning. Numerous advances were made this year on nearly all of the major features and concepts of animal camouflage (see IMPACTS section below). First, we published several journal papers, a book chapter and a book on camouflage. Briefly, the publications cover mimicry (Hanlon et al., 2010) , night camouflage (Allen et al., in press ), general background resemblance (Chiao, et al., 2010) , masquerade (Buresch et al., in revision) , polarization (Shashar et al., in press ), the cephalopod system of rapid adaptive camouflage (Hanlon et al., in press book chapter), and the principles of camouflage as practiced in science and art (Hanlon, 2010 book) .
Second, we have begun to explore the link between laboratory experiments on visual control of camouflage patterning and field work of camouflaged cephalopods so that we can begin the ultimate challenge of predicting what camouflage pattern is appropriate on different natural backgrounds. We believe we have an initial methodology to attempt this with the fall 2009 video data from Spain and Puerto Rico, and this will be a subject of emphasis in the coming year.
Cryptic patterning in large and small fish. Graduate Student Anya Watson, University of Connecticut, completed her Masters Thesis entitled "Dynamic camouflage patterning in Nassau grouper, Epinephelus striatus (Bloch 1792)" in May 2010. Nassau's changed from mottle to disruptive to white belly body patterns in as little as 5 seconds (mean 15 seconds) and our granularity pattern analysis system (fast fourier transform in MATLAB) was adapted to this fish species successfully. We plan to publish a paper on this in the upcoming year. We reported last year the remarkable camouflage changing capability of the very small (1-2 inch) slender filefish Monocanthus tuckeri and have analyzed ca. half of the data this year; we expect to have a publication on this in the upcoming year.
In situ irradiance data with Ocean Optics spectrometers. The basic question is: when cuttlefish are camouflaged, do different parts of their bodies match the color and brightness of the adjacent background? Initial data analyses indicate very good matches to both as noted in Figure 1 .
Hyperspectral Imaging of cuttlefish camouflage. We imaged cuttlefish on natural substrates in the lab with a push-broom HSI unit from West Point. We spent the summer 2010 analyzing data and figuring out how to use such data-rich images to model the cuttlefish in the eyes of the predator. The basic question is: what does the camouflaged prey look like in the color space of the predator's visual system? Figure 1 D-G illustrates more precisely how the cuttlefish might look to different predators; when luminance is equalized in each image (not shown) the color match in this particular image is excellent. Camouflage breaking algorithms have been under development with graduate student Derya Akayanak and C. Chubb taking the lead. This work focuses on general resemblance to the background (not masquerade or disruptive camouflage). For camouflage to be perfectly tailored to avoid detection by a given type of predator, the camouflage pattern must be equated to the background in all statistics to which the predator's visual system is preattentively sensitive. In this case, nothing can spontaneously alert the predator to the presence of the target in the context of the given background. Human vision is preattentively sensitive to only a few statistics; we suspect the same is true of most predators. This leaves open the possibility that the camouflage may differ from the background in one or more statistics to which the predator is blind. If this is true, then the camouflage is breakable. Our goal is to discover an image transformation that converts such invisible differences to visible ones.
Our approach rests on the following observation. Suppose some image transformation Q has been applied to the field in which the target resides. The result is some output image I Q . Although I Q may yield no sign of the target that is visible directly to human vision, it may nonetheless be true that such differences exist. If they do, then (as we are proving) the optimal transformation to reveal them to human vision is the following: let p the histogram of pixel-values in the region of I Q covered by the target, and let q be the histogram of pixel-values in the region of I Q covered by the background; then for any value v assigned to a pixel of I Q , define the Q-distiller f Q as follows:
It can be shown that applying to I T yields an output image such that the difference between the mean value of the pixels inside the target versus those in the background is maximal in comparison to the standard deviation of this difference, maximizing the signal-to-noise ratio for detecting the target based on the information available in I Q . There are several assumptions required for this approach but our efforts thus far are promising. This methodology will be developed and refined in the coming year.
Where's Waldo initial testing included 55 field images of camouflaged cuttlefish viewed by 74 middle school students. The mean response time for correct responses was 5.33 seconds with a standard deviation of 5.05 seconds, indicating that time to move the cursor and enter a response contributed very little in comparison to the time it takes to actually locate the target animal in the image. The images were also analyzed using our large suite of methods, and we are in the process of analyzing these results to determine which features of the cuttlefish pattern and the context are most important in determining response time. Many of the animals in these images are extremely hard to detect, and our participants made a large number of errors. We intend to take a close look at those images that present the greatest difficulty to our observers and strive to articulate exactly what makes them so challenging. The statistics we have used so far in our analysis do not capture difficulties that are likely to be created by those aspects of design that aim to produce false figure-ground polarities within the pattern deployed by the target, and we believe these features may be crucial.
IMPACT/APPLICATIONS
Concept development of camouflage visual mechanisms matured a good deal this year. Throughout late 2009 and much of 2010, R. Hanlon wrote a book based partly upon the special 3-day workshop he organized and directed in April 2009 entitled The Art and Science of Camouflage and Communication. This workshop stimulated substantial concept development and the resulting document contains unique analyses of the strengths, weaknesses and future challenges needed to understand and implement biological camouflage. In addition, this well illustrated book provides some practical ways forward for DoD to develop biologically inspired camouflage. Thus, distribution of the book will be limited but will be provided to Program Managers at ONR and other DoD agencies. This ONR grant was the key factor enabling the development and analyses of these concepts.
Our "granularity program" that quantifies animal body patterns (based on fast Fourier transform of the image and classification by spatial scale and contrast) continues to be used for multiple purposes, including small and large fishes as well as cephalopods of different body forms. The method was also picked up by a Cambridge University laboratory to study bird egg camouflage. We published an extensive paper on mottle camouflage this year (Chiao et al., 2010) using this method, and it is being used on projects sponsored by ARL and DARPA. We will continue to use and refine it.
Our collaborative work with West Point on Hyperspectral Imaging (HSI) yielded fine results and we learned many of the methods required to massage these data in the eye of the predator. Our intent is to develop this for use underwater and we are seeking ways to fund such instrument development since the impact on the field of visual ecology would be quite profound.
TRANSITIONS
A few of our original ideas on mechanisms of camouflage are being considered by ARL and DARPA.
